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ABSTRACT
We have calculated the figure of equilibrium of a rapidly rotating, differentiated body to determine the shape,
structure, and composition of the dwarf planet Haumea. Previous studies of Haumea’s light curve have suggested
Haumea is a uniform triaxial ellipsoid consistent with a Jacobi ellipsoid with axes ≈ 960 × 774 × 513 km, and bulk
density ≈ 2600 kg m−3. In contrast, observations of a recent stellar occultation by Haumea indicate its axes are
≈ 1161 × 852 × 523 km and its bulk density ≈ 1885 kg m−3; these results suggest that Haumea cannot be a fluid in
hydrostatic equilibrium and must be partially supported by interparticle forces. We have written a code to reconcile
these contradictory results and to determine if Haumea is in fact a fluid in hydrostatic equilibrium. The code calculates
the equilibrium shape, density, and ice crust thickness of a differentiated Haumea after imposing (semi-) axes lengths
a and b. We find Haumea is consistent with a differentiated triaxial ellipsoid fluid in hydrostatic equilibrium with
axes of best fit a = 1050 km, b = 840 km, and c = 537 km. This solution for Haumea has ρavg = 2018 kg m
−3,
ρcore = 2680 kg m
−3, and core axes ac = 883 km, bc = 723 km, and cc = 470 km, which equates to an ice mantle
comprising ∼ 17% of Haumea’s volume and ranging from 67 to 167 km in thickness. The thick ice crust we infer allows
for Haumea’s collisional family to represent only a small fraction of Haumea’s pre-collisional ice crust. For a wide
range of parameters, the core density we calculate for Haumea suggests that today the core is composed of hydrated
silicates and likely underwent serpentinization in the past.
Keywords: Kuiper belt objects: individual (Haumea); planets and satellites: interiors; planets and
satellites: composition; planets and satellites: formation
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1. INTRODUCTION
The Kuiper Belt Object (KBO) and dwarf planet
Haumea is one of the most intriguing and puzzling ob-
jects in the outer Solar System. Haumea orbits be-
yond Pluto, with a semi-major axis of 43.2 AU, and
is currently near its aphelion distance ≈ 51.5 AU, but
is relatively bright at magnitude V = 17.3, due to its
large size and icy surface. Haumea’s mean radius is
estimated to be ≈ 720 km (Lockwood et al. 2014) to
≈ 795 km (Ortiz et al. 2017), and its reflectance spec-
tra indicate that Haumea’s surface is uniformly covered
by close to 100% water ice (Trujillo et al. 2007; Pinilla-
Alonso et al. 2009). Haumea is the third-brightest KBO,
after the dwarf planets Pluto and Makemake (Brown
et al. 2006). Haumea has two small satellites, Hi’iaka
and Namaka, which enable a determination of its mass,
MH = 4.006 × 1021 kg (Ragozzine & Brown 2009); it
is the third or fourth most massive known KBO (after
Pluto, Eris, and possibly Makemake). Despite its large
size, it is a rapid rotator; from its light curve Haumea’s
rotation rate is found to be 3.91531±0.00005 hours (Lel-
louch et al. 2010). This means Haumea is the fastest-
rotating KBO (Sheppard & Jewitt 2002), and is in fact
the fastest-rotating large (> 100 km) object in the Solar
System (Rabinowitz et al. 2006). Haumea is also asso-
ciated with a collisional family (Brown et al. 2007) and
is known to have a ring (Ortiz et al. 2017). Based on
its rapid rotation and its collisional family, Haumea is
inferred to have suffered a large collision (Brown et al.
2007), > 3 Gyr ago, based on the orbital dispersion of
the family members (Volk & Malhotra 2012).
Haumea is larger than other dwarf planets such as
Ceres (radius 473 km), or satellites such as Dione (radius
561 km) or Ariel (radius 579 km), all of which are nomi-
nally round. Despite this, Haumea exhibits a reflectance
light curve with a very large peak-to-trough amplitude,
∆m ≈ 0.28 in 2005 (Rabinowitz et al. 2006), ∆m = 0.29
in 2007 (Lacerda et al. 2008), and ∆m = 0.32 in 2009
(Lockwood et al. 2014). Since Haumea’s surface is spec-
trally uniform, such an extreme change in brightness
can only be attributed to a difference in the area pre-
sented to the observer. Haumea has been modeled as a
triaxial ellipsoid with axes a > b > c, the c-axis being
aligned with the rotation axis. In that case, the change
in brightness from peak to trough would be given by
∆m = 2.5
[
log10
(a
b
)
− log10
(
r1
r2
)]
, (1)
where
r1 =
(
a2 cos2 φ+ c2 sin2 φ
)1/2
(2)
and
r2 =
(
b2 cos2 φ+ c2 sin2 φ
)1/2
, (3)
φ being the angle between the rotation axis and the line
of sight (Binzel et al. 1989). If φ = 0◦, then ∆m = 0,
because the same a × b ellipse would be presented to
the observer. Instead, ∆m is maximized when φ = 90◦,
because then the ellipse presented to the observer would
vary between a × c and b × c. In that case, ∆m =
2.5 log10(a/b) and the axis ratio is related directly to
∆m. Assuming φ = 90◦ in 2009, when ∆m = 0.32,
one would derive b/a = 0.75. Taking into account the
scattering properties of an icy surface, Lockwood et al.
(2014) refined this to b/a = 0.80±0.01. Thus, Haumea is
distinctly non-spherical, and is not even axisymmetric.
Haumea appears to be unique among large So-
lar System objects in having such a distinctly non-
axisymmetric, triaxial ellipsoid shape. Based on its
rapid rotation (angular velocity ω = 4.457 × 10−4 s−1),
Haumea is inferred to have assumed a particular shape
known as a Jacobi ellipsoid. This is a class of equilibrium
shapes assumed by (shearless) fluids in hydrostatic equi-
librium when they rotate faster than a certain threshold
(Chandrasekhar 1969, 1987). For a body with angular
velocity ω and uniform density ρ, the axis ratios b/a
and c/a of the ellipsoid are completely determined, and
the axis ratios are single-valued functions of ω2/(piGρ).
For a Jacobi ellipsoid with b/a = 0.806 and Haumea’s
rotation rate, the density must be ρ = 2580 kg m−3,
and c/a = 0.520. Assuming a semi-axis of a = 960
km then yields b = 774 km and then c = 499 km,
(4pi/3)abc ρ exactly matches Haumea’s mass. The mean
radius of Haumea would be 718 km. Moreover, the
cross-sectional area of Haumea would then imply a sur-
face albedo pV ≈ 0.71 − 0.84 (Rabinowitz et al. 2006;
Lacerda & Jewitt 2006; Lellouch et al. 2010; Lockwood
et al. 2014), consistent with the albedo of a water ice
surface.
To explain Haumea’s icy surface and ρ = 2580 kg m−3,
one would have to assume that the interior of Haumea
was close to 2600 kg m−3 in density (an interior of hy-
drated silicates (Desch & Turner 2015)) while its surface
was a very thin ice layer (§2). This structure implies
that Haumea suffered a giant collision in its past that
may have stripped its ice mantle. For these reasons, the
above axes and axis ratios were strongly favored in the
literature. Other groups derived similar axes and bulk
densities (Rabinowitz et al. 2006; Lacerda et al. 2008;
Lellouch et al. 2010)
This model was upended by the observations of Ortiz
et al. (2017) following the occultation of an 18th mag-
nitude star by Haumea in January 2017. The shadow
of Haumea traced out an ellipse, as expected for the
shadow of a triaxial ellipsoid; but the (semi-)axes of
the shadow ellipse were much larger than expected:
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b′ = 569±13 km by a′ = 852±2 km. Ortiz et al. (2017)
used the shadow axes and other assumptions to derive
the axes of Haumea to be a = 1161 ± 30, b = 852 ± 4,
and c = 513± 16 km (6).
This new shape causes Haumea to look significantly
different than previous models: the mean radius of
Haumea is larger at 798 km, the albedo is a smaller
pV ≈ 0.51 (and would require a darkening agent in
addition to water ice), and the bulk density a lower
1885±80 kg m−3. Moreover, the axis ratio c/a ≈ 0.44 is
significantly lower than previous estimates ≈ 0.52, and
is inconsistent with a Jacobi ellipsoid or a fluid in hydro-
static equilibrium. Ortiz et al. (2017) point out the pos-
sibility that shear stresses may be supported on Haumea
by granular interparticle forces (Holsapple 2001).
In either case, Haumea is likely to have a rocky core
surrounded by ice, but no analytical solution exists for
the figure of equilibrium of a rapidly rotating, differen-
tiated body. Therefore it is not known whether or not
Haumea is a fluid in hydrostatic equilibrium. In this
paper we attempt to reconcile the existing data from
Haumea’s light curve and occultation shadow, with the
goal of deriving its true shape and internal structure.
Besides its axes, important quantities to constrain are
the ice fraction on Haumea today, and the size, shape,
and density of its core. A central question we can solve
using these quantities is whether Haumea is a fluid in
hydrostatic equilibrium or demands granular physics to
support it against shear stresses. In addition, we can use
the core density and ice fraction to constrain the geo-
chemical evolution of Haumea and, by extension, other
KBOs, as well as models of the origin of Haumea’s col-
lisional family.
In §2, we examine whether it is possible for Haumea to
be a differentiated (rocky core, icy mantle) body with a
Jacobi ellipsoid shape. We show that only homogeneous
bodies are consistent with a Jacobi ellipsoid shape. In
§3 we describe a code we have written to calculate the
equilibrium figure of a rapidly rotating, differentiated
body. In §4 we present the results, showing that en-
tire families of solutions exist that allow Haumea to be
a differentiated body in hydrostatic equilibrium. Some
of these solutions appear consistent with observations
of Haumea, particularly ≈ 1050 × 840 × 537 km with
bulk density ≈ 2018 kg m−3. In §5 we discuss the impli-
cations of this solution for Haumea’s structure, for the
collision that created the collisional family, and for the
astrobiological potential of Haumea.
2. CAN A DIFFERENTIATED HAUMEA HAVE
JACOBI ELLIPSOID AXES?
Observations have suggested that Haumea has axes
consistent with a Jacobi ellipsoid: for example, Lock-
wood et al. (2014) inferred axes of a = 960 km, b = 770
km, and c = 495 km (yielding axis ratios b/a = 0.802,
c/a = 0.516) and a uniform density ≈ 2614 kg m−3.
These axes are within 1% of the Jacobi ellipsoid solu-
tion: a Jacobi ellipsoid with Haumea’s mass, rotation
rate, and a = 960 km, has axes b = 774.2 km and
c = 498.8 km (yielding axis ratios b/a = 0.806 and
c/a = 0.520), and uniform density 2580 kg m−3. Uni-
form density is a central assumption of the Jacobi ellip-
soid solution, and yet Haumea is manifestly not uniform
in density. Its reflectance spectra robustly show the exis-
tence of a uniform water-ice surface (Trujillo et al. 2007;
Pinilla-Alonso et al. 2009). The density of this ice, which
has structure Ih at 40K, is about ≈ 921 kg m−3 (Desch
et al. 2009), much lower than Haumea’s mean density.
Haumea, therefore, is certainly differentiated. A basic
question, then, is whether a differentiated Haumea can
be consistent with axes that match a Jacobi ellipsoid.
To answer this question, we have calculated the grav-
itational potential of a differentiated Haumea, as de-
scribed in Probst (2015). We model Haumea as two
nested, aligned triaxial ellipsoids. We assume Haumea’s
outer surface is an ellipsoid with axes a = 960 km,
b = 770 km, and c = 495 km, and we allow its core
to have arbitrary density ρcore, and arbitrary axis ratios
pc = bc/ac and qc = cc/ac. For a given density ρcore
and axis ratios pc and qc, the core axis ac is chosen so
that the mass of the core plus the mass of the ice man-
tle, with density ρice = 921 kg m
−3, equal the mass of
Haumea. We then calculate whether the surface and
the core-mantle boundary (CMB) are equipotential sur-
faces.
An equilibrium solution must have the equipotential
surfaces coincident with the surface and CMB, or else
vortical flows will be generated. In the absence of ex-
ternal and viscous forces and large internal flows, the
vorticity −→ω follows the equation
D−→ω
Dt
=
1
ρ2
−→∇ρ×−→∇P (4)
where P is the pressure and ρ is the density. If the
gradients of ρ and P are misaligned by an angle Θ, then
vorticity will be generated at a rate ∼ (P/ρ)/R2(sin Θ),
where R is comparable to the mean radius. In a time τ ,
the vortical flows will circulate at rates comparable to
the rotation rate, ωH, where τ ∼ ωHρR2/P (sin Θ)−1.
Assuming ωH = 4.46 × 10−4 s−1, ρ = 921 kg m−3, P =
18 MPa, and R ∼ 725 km, the timescale τ ∼ 4/ sin Θ
years. Even a small mismatch, with Θ ∼ 1◦, would lead
to significant vortical flows within hundreds of years.
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Figure 1. The “fit angle” Θ on the surface (a) and the core-mantle boundary (b), as functions of the core axis ratios pc = bc/ac
and qc = cc/ac (note that pc ≥ qc). A core density 2700 kg m−3 has been assumed. The core axis ratios that minimize the
surface fit angle and are most consistent with equilibrium are pc ≈ 0.80 and qc ≈ 0.51 (denoted by the white star in b). The
core axis ratios that minimize the fit angle on the CMB are pc ≈ 0.82 and qc ≈ 0.55 (denoted by the yellow star in b). On either
surface the fit angle is at least a few degrees, and it is not possible to minimize Θ on both surfaces with the same core ratios.
Equilibrium solutions demand Θ = 0◦, i.e., that
−→∇ρ
and
−→∇P are parallel. In hydrostatic equilibrium, the
net force is −→
F = −−→∇P + ρ−→g eff , (5)
where −→g eff measures the acceleration due to gravity as
well as centrifugal support due to Haumea’s rotation. If
the net force is zero, then it must be the case that
−→∇ρ
is parallel to −→g eff . In other words, the gradient in the
effective gravitational potential must be parallel to the
gradient in density, and surfaces of density discontinuity
must be equipotential surfaces.
We solve for the effective gravitational potential by
discretizing an octant of Haumea on a Cartesian grid
with 60 evenly spaced zones along each axis. If a rectan-
gular zone is entirely inside the triaxial ellipsoid defined
by the core, its density is set to ρcore; if it is entirely out-
side the triaxial ellipsoid defined by the surface, its den-
sity is set to zero; and if it is entirely between these two
ellipsoids, its density is set to ρice. For zones straddling
the core and ice mantle, or straddling the ice mantle and
the exterior, the density is found using a Monte Carlo
method. An array of about 100 points on the surface is
then generated, by generating a grid of Nθ ≈ 10 angles
θ from 0 to pi radians, and of Nφ ≈ 10 angles φ from
0 to 2pi radians. The points on the surface are defined
by x∗ = a sin θ cosφ, y∗ = b sin θ sinφ, z∗ = c cos θ.
At each point we find the vector normal to the surface,−→n = (2x∗/a2)eˆx + (2y∗/b2)eˆy + (2z∗/c2)eˆz, as well as
the gravitational acceleration −→g , found by summing the
gravitational acceleration vectors from each zone’s con-
tribution. To this we add an additional contribution due
to centrifugal support:
−→g eff = −→g + ω2x∗ eˆx + ω2y∗ eˆy. (6)
Once these vectors are found at each of the surface
points defined by θ and φ, we find the following quantity
by summing over all points:
M = 1
NθNφ
∑
Nθ
∑
Nφ
−→n · −→g eff
|−→n | |−→g eff | . (7)
We also define “fit angle,” the mean angular deviation
between the surface normal and the effective gravita-
tional field:
Θ = cos−1 M. (8)
If the equipotential surfaces are coincident with the sur-
face, then M = 1 and Θ = 0◦. In a similar fashion we
define an identical metricM on the core-mantle bound-
ary as well.
In Figure 1, we plot the fit angle on the surface and
core-mantle boundary of Haumea, as a function of the
assumed core axis ratios pc and qc. A core density
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2700 kg m−3 is assumed. The core axis ratios that min-
imize Θ on the outer surface are pc = bc/ac ≈ 0.80
and qc = cc/ac ≈ 0.51. For this combination, Θ ≈ 1◦.
Meanwhile, the core axis ratios that minimize Θ on the
core-mantle boundary are pc ≈ 0.82 and qc ≈ 0.55. For
this combination, Θ ≈ 2◦. Significantly, the parameters
that minimize Θ on the outer surface are not those that
minimize Θ on the core-mantle boundary. Given the
change in Θ with changes in pc and qc, either Θ on the
surface or core-mantle boundary must be at least a few
degrees. Figure 1 shows numerous patches of higher-
than-expected angles. These patches are caused by the
random nature in which the grid cells straddling the
CMB are populated. The coarseness of the grid leads
to the code creating a bumpiness in the CMB surface
which then upwardly skews the calculation of the aver-
age fit angle in places. This is because where the surface
is bumpy, the surface normal vector can be significantly
different from the gravitational acceleration vector. The
patches become more numerous, but smaller in magni-
tude, with increasing numerical resolution.
We have repeated the analysis for other core densi-
ties of 3000 kg m−3 and 3300 kg m−3. In those cases the
discrepancy between what parameters pc and qc mini-
mize Θ on the surface vs. what parameters minimize
it on the CMB grows even larger. If Haumea has axes
a = 960 km, b = 770 km, and c = 495 km, and is di-
vided into a rocky core and icy mantle, the only way
to maintain hydrostatic equilibrium on the surface and
core-mantle boundary is for the core density to be as
close as possible to the inferred bulk density of Haumea,
≈ 2600 kg m−3, and for the core and surface axis ratios
to converge. The solution is naturally driven to one of
uniform density. In this case, the core comprises over
96% of the mass of Haumea, and the ice thickness is
< 10 km on the a and b axes, and < 5 km on the c axis.
Even for this case, though, the effective equipotential
surfaces fail to coincide with the surface or core-mantle
boundary, by several degrees. This suggests that the
only way for Haumea to have axes consistent with a Ja-
cobi ellipsoid is for it to have essentially no ice mantle,
less than a few km thick.
These investigations reveal two facts. First, a Haumea
divided into a rocky core and icy mantle cannot have
axes equal to those of a Jacobi ellipsoid. This lends
some support to the finding by Ortiz et al. (2017) that
Haumea’s axes deviate significantly from a Jacobi ellip-
soid’s. Second, if Haumea cannot conform to a Jacobi
ellipsoid, then it is not possible to use analytical formu-
las to describe its shape, and a more powerful technique
must be used to derive its internal structure.
3. METHODS
To calculate the shape of a rapidly rotating Haumea
with a rocky core and icy mantle, we have written a code,
named kyushu, that calculates the internal structure
and figure of equilibrium of a differentiated body under-
going rapid, uniform rotation. Our algorithm is adapted
from that of Hachisu (1986a,b; hereafter H86a,H86b),
for calculating the structure of stars orbiting each other
in binary systems, as follows.
The Hachisu (1986a,b) algorithm relies on using a gov-
erning equation derived from the Bernoulli equation, at
each location on a three-dimensional grid:∫
ρ−1 dP + Φ−
∫
Ω2r⊥ dr⊥ = C, (9)
where the first term is the enthalpy, H, the second term
is the gravitational potential energy, the third term is
the rotational energy, and C is a constant. Here r⊥ is
the distance from the rotation axis.
The grid is defined in spherical polar coordinates,
the variables being distance from the origin, r, the co-
sine of the polar angle, µ, and the azimuthal angle,
φ. A discretized grid of ri, with i = 1, 2, ...Nr is de-
fined, with r uniformly spaced between r1 = 0 and
rNr = R. Likewise, a discretized grid of µj , with
j = 1, 2, ...Nµ is defined, with µ uniformly spaced be-
tween µ1 = 0 and µNφ = 1, and a discretized grid of φk,
with k = 1, 2, ...Nφ, is defined, with φ uniformly spaced
between φ1 = 0 and φNφ = pi/2. Symmetries across the
equatorial plane and n = 2 symmetry about the polar
axis are assumed. Quantities in the above equation, in-
cluding density ρijk, gravitational potential Φijk, etc.,
are defined on the intersections of grid lines. Typical
values in our calculation are R = 1300 km, Nr = 391,
Nµ = 33, and Nφ = 33, meaning that quantities are
calculated at 33× 33× 391 = 425, 799 locations.
The enthalpy term can be calculated if the density
structure and equation of state are provided. For ex-
ample, if P = Kργ (as for an adiabatic gas), then
H = (γ)/(γ − 1)P/ρ, and is immediately known as a
function of the local pressure and density. For planetary
materials such as olivine, clays, or water ice, it would be
more appropriate to use a Vinet (Vinet et al. 1987) or
Birch-Murnaghan (Birch 1947) equation of state, with
the bulk modulus and the pressure derivative of the
bulk modulus specified. This equation of state can then
be integrated to yield the enthalpy. The recent paper
by Price & Rogers (2019) provides formulas for this.
For our purposes, we neglect the self-compression of the
planetary materials inside Haumea. The bulk moduli of
planetary materials are typically 10s of GPa, while the
maximum pressure inside Haumea is < 0.4 GPa, so self-
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compression can be ignored. For ease of calculation we
therefore assume uniform densities in the ice mantle and
in the rocky core, and compute the enthalpy accordingly.
The gravitational potential term is found by numeri-
cal integration of an expansion of the gravitational po-
tential in spherical harmonics, using equations 2, 3, 33,
34, 35 and 36 of H86b, using n = 2 symmetry, and
typically Nl = 16 terms in the expansion. The rota-
tional term is defined to be Ω2Ψ, where Ψ = −r2⊥/2,
r⊥ again being the distance from the axis. The terms
H, Φ and Ω2 Ψ all spatially vary, but their sum is a
constant C at all locations. The Hachisu algorithm ex-
ploits this fact by fixing two spatial points “A” and “B”
to be on the boundary of the body. Point “A” lies at
r = rA, µ = 0 (in the equatorial plane), φ = 0, or
x = r (1−µ2)1/2 cosφ = rA, y = r (1−µ2)1/2 sinφ = 0,
z = r µ = 0. Point “B” lies at r = rB , µ = 0 (in the
equatorial plane), φ = pi/2, or x = 0, y = rB , z = 0. For
a triaxial ellipsoid (x/a)2 + (y/b)2 + (z/c)2 = 1, points
A and B refer to the long and intermediate axes of the
body in the equatorial plane, with rA = a and rB = b.
At these two locations, H = 0, and the Hachisu algo-
rithm then solves for the only two values of C and Ω
that allow H = 0 at both these boundary points. With
C and Ω defined, H is found at all locations, and the
enthalpy integral H =
∫
ρ−1 dP is inverted to find the
density ρ at each location. Locations with H < 0 are
assigned zero density. The farthest point with non-zero
density along the z axis can be equated with c of a tri-
axial ellipsoid, although of course the shape need not
necessarily be a triaxial ellipsoid. After adjusting the
density everywhere, the code then recalculates the grav-
itational potential and performs the same integrations,
solving iteratively until the values of Ω and the densi-
ties ρ at all locations converge. Because the densities
and the volume of the body are changed with each iter-
ation, the mass of the object is a varying output of the
model.
We apply the H86a,b algorithms as part of a larger
iterative procedure that introduces two new variables to
an equation of state: Pcmb and ρcore. We assume that
at locations within the body with pressures P < Pcmb,
ρ = ρice ≡ 921 kg m−3. At higher pressures P > Pcmb,
we assume ρ = ρcore. This divides the body into a
core and an icy mantle, each with distinct densities,
with the pressure equal to a uniform value Pcmb every-
where on the core-mantle boundary. For P > Pcmb,
H = Pcmb/ρice + (P − Pcmb)/ρcore. This form of the
equation of state ignores self-compression, as is appro-
priate in bodies of Haumea’s size made of materials like
water ice, olivine, or hydrated silicates. The bulk mod-
ulus of water ice is 9.2 GPa (Shaw 1986), far higher
than the likely pressures in the ice shell, < 20 MPa
(section 4). Likewise, the bulk moduli of olivine is 126
GPa (Nu´n˜ez-Valdez et al. 2013), and that of the hy-
drated silicate clay antigorite is 65 GPa (Capitani &
Stixrude 2012), far higher than the maximum pressure
inside Haumea (< 300 MPa). We therefore expect self-
compression to change the densities by <1%, and we are
justified in assuming uniform densities. This equation of
state allows a very simple inversion to find the density:
for H < Pcmb/ρice, the density is simply ρice, and for
H > Pcmb/ρice, ρ = ρcore.
With this definition, we iterate as follows to find Pcmb
and ρcore. In each application of the Hachisu algorithms,
we initialize with a density distribution with ρ = 0 for
(x/a)2 + (y/b)2 + (z/c)2 > 1, ρ = ρice for (x/a)
2 +
(y/b)2 + (z/c)2 < 1, but ρ = ρcore for (x/a)
2 + (y/b)2 +
(z/c)2 < ξ2. That is, we define Haumea’s surface to be
a triaxial ellipsoid, and its core to be a similar triaxial
ellipsoid with aligned axes, smaller in size by a factor of
ξ. The value of ξ is chosen so that the total mass of the
configuration equals MH, the mass of Haumea:
ξ =
[
3MH/(4piabc)− ρice
ρrock − ρice
]1/3
. (10)
The value of c is unknown and an output of the code,
so we initialize our configuration with c = b. We apply
the Hachisu algorithms several times. First we define
Pcmb ≈ 0 MPa and define ρcore = 2700 kg m−3, apply
the Hachisu algorithms, and calculate the mass of the
body, M . Because this will not match Haumea’s mass,
MH, we multiply ρcore by a factor MH/M , and reapply
the Hachisu algorithms. We do this until we have found
an equilibrium configuration with Haumea’s mass. Out-
puts of the code include ρcore and Ω, and in general Ω
will be smaller than Haumea’s true angular frequency
ΩH = 2pi/Prot for Pcmb = 0 MPa (Prot is the rota-
tional period). We then repeat the procedure, finding
an equilibrium configuration with Haumea’s mass, hav-
ing Pcmb = 40 MPa. An output of the code will be a
different ρcore and a different Ω, which in general will
be > ΩH. If the solution is bracketed, we use standard
bisection techniques to find Pcmb that yields an equi-
librium configuration consistent not just with Haumea’s
mass, but with its period as well.
Thus, inputs of the code include rA = a and rB =
b, and Haumea’s mass MH and angular velocity ΩH.
The outputs of the code include the density ρ at all
locations, the calculated mass M (which should comply
with M = MH), the angular frequency Ω (which should
equal 2pi/Prot), and the values of c and Pcmb and ρcore.
To benchmark the kyushu code, we ensure that it re-
produces a Jacobi ellipsoid when a homogeneous den-
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sity is assumed. A Jacobi ellipsoid with Haumea’s mass
and rotation period, and an axis a = 960 km, would
have axes b = 774.2 km, c = 498.8 km, and uniform
density 2579.7 kg m−3: this is similar to, but does not
exactly equal, the solution favored by Lockwood et al.
(2014), who fit Haumea’s light curve assuming a = 960
km, b = 770 km, c = 495 km, and uniform density
of 2600 kg m−3. Running kyushu and assuming axes
of a = 960 km and b = 774.2 km (b/a = 0.806), the
code finds an acceptable solution after about 7 brack-
eting iterations. The mass matches Haumea’s mass to
within 0.03% and the rotation period to within 0.04%.
The solution found is one with a very low value of
Pcmb = 0.42 MPa, so that the body is essentially uni-
form in density, with an ice layer < 5 km in thickness
(the resolution of the code). The interior of the body has
uniform density 2580.4 kg m−3, and the short axis has
length c = 499.5 km (c/a = 0.520). The density and c-
axis match a uniform-density Jacobi ellipsoid to within
0.03% and 0.14%, respectively. The code is therefore
capable of finding the analytical solution of a uniform-
density Jacobi ellipsoid, if the imposed a and b axes are
consistent with such a solution.
4. RESULTS
We have run the kyushu code for 30 different combina-
tions of a and b axes, with a varying from 950 km to 1075
km in increments of ∼25 km, and b varying from 800 km
to 900 km in increments of ∼25 km. In comparing a sub-
set of these runs with runs performed with 10 km incre-
ments, we found that convergence of key outputs (axes,
densities) is 0.3% or less, so we consider 25 km to be nu-
merically converged. We find families of solutions that
can conform to Haumea’s mass (M = 4.006 × 1021 kg)
and rotation period (Prot = 3.9155 hr). Output quanti-
ties include the core density, the average (bulk) density,
the outer c axis, the shape of the core-mantle boundary
(CMB), and the thickness of the ice layer above the core.
In Figure 2 we plot the following quantities as func-
tions of imposed a and b axes: the average (bulk) den-
sity, ρavg; the (semi-)axis c; and the thickness of the
ice layer along the a, b and c axes. The density of the
ice layer was imposed to be 921 kg m−3. In Figure 3
we plot as functions of a and b the following: the core
density, ρcore; the pressure at the core-mantle boundary,
Pcmb; and the semi-axes ac, bc and cc of the core. En-
tire families of solutions are found across the range of
a and b that we explored, with the exception of simul-
taneous combinations of large a and large b. The input
a× b combinations of 1025×900, 1050×900, 1075×900,
and 1075 × 800 did not yield solutions because when
initializing with these parameters, kyushu was not able
converge at Haumea’s mass and rotation rate. Simulta-
neously imposing large a and b yields a low bulk density
ρavg and large parameter ω
2/(piGρavg) that cannot yield
a c axis consistent with Haumea’s mass.
Across the explored parameter space that yielded so-
lutions, the average density of Haumea ranges from 1905
to 2495 kg m−3. As might be expected, the average
(bulk) density of Haumea is equally sensitive to both
a and b, being inversely proportional to the volume and
therefore to the product ab. As an example solution,
we take a = 1050 km and b = 840 km, for which the
average density is 2018 kg m−3.
For allowed solutions, the shortest (semi-)axis c ranges
from 504 to 546 km. The c axis is equally sensitive to
both a and b, being large when the product ab is large.
For the case with a = 1050 km and b = 840 km, we find
c = 537 km.
Likewise, the thickness of the ice layer increases with
increasing a and b (and therefore c). The ice is always
thickest along the a axis, ranging from 15 to 210 km
across the explored range; it is intermediate in thickness
along the b axis, ranging from 15 to 150 km; and it is
thinnest along the c axis, ranging from 5 to 80 km. For
the case with a = 1050 km and b = 840 km, we find ice
thicknesses of 167 km, 117 km, and 67 km along the a,
b, and c axes.
Across the explored parameter space that yielded so-
lutions, the density of Haumea’s core ranges from 2560
to 2740 kg m−3. Core density is much more sensitive to
the a axis than the b axis, and tends to be greater when
a is greater. For the case with a = 1050 km and b = 840
km, we find a core density 2680 kg m−3.
Across the explored range, the pressure at the core
mantle boundary ranges from 3.2 to 36.6 MPa, with the
lowest values corresponding to the thinnest ice layers
and smallest values of a and b. For the case with a =
1050 km and b = 840 km, Pcmb = 30.4 MPa. Finally,
the size of the core ranges considerably. In general, the
core approximates a triaxial ellipsoid, with the longest
axis parallel to the a axis. For the extreme case with
a = 950 km, b = 800 km, and c = 504 km (a small
Haumea), we find core axes of ac = 935 km, bc = 785
km, and cc = 499 km. For this configuration, bc/ac =
0.840 and cc/ac = 0.534, very close to the axis ratios
for the surface, b/a = 0.842 and c/a = 0.531. The
mean size of the core, relative to the mean size of the
surface, is ξ = 0.991. That is, the ice layer thickness
is only ∼ 1% of the radius of Haumea, and comprises
1.5% of Haumea’s volume. For the opposite extreme
case of a large Haumea, with a = 1050 km, b = 875
km, and c = 546 km, we find core axes of ac = 840 km,
bc = 725 km, and cc = 466 km. For this configuration,
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Figure 2. Contour plots of quantities in the equilibrium shape models of a differentiated Haumea, as functions of imposed axes
a and b. The panels depict: the average (bulk) density of Haumea, ρavg; the c (semi-)axis; the thickness of the ice layer along
the a axis; the thickness of the ice layer along the b axis; and the thickness of the ice layer along the c axis. Solutions were
not found for simultaneous combinations of large a and large b, but otherwise entire families of fluid hydrostatic equilibrium
solutions exist.
bc/ac = 0.86 and cc/ac = 0.55, close to the axis ratios
for the surface, b/a = 0.83 and c/a = 0.52. The mean
size of the core, relative to the mean size of the surface,
is ξ = 0.888, meaning the ice layer thickness is 11% the
radius of Haumea and comprises 22% of its volume. For
the case we consider typical, with a = 1050 km and
b = 840 km, the core semi-axes are ≈ 883 × 723 × 470
km, which yields bc/ac = 0.82 and cc/ac = 0.53. The
mean size of the core, relative to the mean size of the
surface, is ξ = 0.909, and the ice layer comprises 17.2%
of Haumea’s volume.
In general, for larger assumed sizes of Haumea, the
core becomes somewhat denser as Haumea itself be-
comes lower in density. The core takes up a smaller
fraction of the volume of Haumea. While the core re-
mains roughly similar in shape to the ellipsoid defined
by the surface, there is a tendency for the core to be-
come slightly more spherical as Haumea’s assumed size
increases.
To quantitatively test if Haumea’s core and surface are
both triaxial ellipsoids in our typical case, we calculated
the maximum deviation from 1 of (x/ac)
2 + (y/bc)
2 +
(z/cc)
2, where x, y, and z are computed for each angle
combination θ and φ and radius defined by r = (r(ircore−
1)+r(ircore))/2. Here ircore is the index of the first radial
zone outside the core at that θ and φ. We find that
a triaxial ellipsoid shape is consistent with the core to
within 1.5% and the surface to within 0.5%. Both are
within the code’s resolution error. It is remarkable that
the core mantle boundary solution is driven to the shape
of a triaxial ellipsoid. This justifies the assumption in
§2 that the surface and core would be triaxial ellipsoids
if Haumea is differentiated.
5. DISCUSSION
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Figure 3. Contour plots of quantities in the equilibrium shape models of a differentiated Haumea, as functions of imposed
axes a and b. The panels depict: the density of the core, ρcore; the pressure at the core-mantle boundary, Pcmb, in MPa; the a
(semi-)axis of the core; the b (semi-)axis of the core; and the c (semi-)axis of the core. As in Figure 2, solutions were not found
for simultaneous combinations of large a and large b, but otherwise entire families of fluid hydrostatic equilibrium solutions
exist.
5.1. Reconciling the light curve and occultation
datasets
Under the assumption of uniform density, there is only
one Jacobi ellipsoid solution that can match Haumea’s
mass and rotation rate, and its inferred b/a axis ratio.
Once M , ω and b/a are specified, the average density
ρavg is fixed, which determines c/a and all the axes. In
contrast, our modeling demonstrates that once the as-
sumption of uniform density is dropped, a wide range
of solutions exists with different semi-axes a and b, and
even with the same b/a axis ratios. These would make
linear cuts from the lower left to the upper right through
the contour plots of Figures 2 and 3, and would yield a
range of ρavg and other properties. This additional free-
dom suggests it may be possible to have a differentiated
Haumea be a fluid in hydrostatic equilibrium, and simul-
taneously fit the shadow observed by Ortiz et al. (2017)
during the occultation.
We find one solution, the example case considered
above, to be quite favorable. This solution has outer
semi-axes a = 1050 km, b = 840 km, and c = 537
km. The core-mantle boundary is defined to lie at
Pc = 30.4 MPa, and this surface is well approximated
by a triaxial ellipsoid with semi-axes ac = 883 km,
bc = 723 km, and cc = 470 km. The core density is
ρcore = 2680 kg m
−3, and the average density of Haumea
in this case is ρavg = 2018 kg m
−3. The ice mantle
in this case comprises 17.2% of Haumea’s volume and
ranges in thickness from 170 km on the a axis, to 120
km on the b axis, to 71 km on the c axis. The albedo
is pV ≈ 0.66, slightly lower than the range 0.71 − 0.84
estimated by previous studies, but higher than the value
≈ 0.51 calculated by Ortiz et al. (2017). Likewise, the
axes and average density we favor are intermediate be-
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tween the previous solutions assuming a Jacobi ellipsoid
with ρavg = 2600 kg m
−3, and the Ortiz et al. (2017)
case with ρavg = 1885 kg m
−3.
The projection of this triaxial ellipsoid onto the Earth
(its shadow) is a complicated function that depends on
its orientation relative to the line of sight. It is more
difficult to invert the shadow axes to find the axes of
Haumea’s surface, but it is possible. We outline our
methods in Appendix A (6).
If the tilt of Haumea’s rotation axis out of the plane
of the sky is ι = 13.8◦ and the rotational phase were
ψ = 0◦, we concur with Ortiz et al. (2017) that only a
triaxial ellipsoid with axes 1161 × 852 × 513 km would
be consistent with shadow axes 852×569 km. However,
small changes in Haumea’s rotational phase have a large
impact on the shadow size. We find that if Haumea’s
rotational phase during the occultation were ψ = 13.3◦,
then the shadow axes would be a′ = 853.1 km and
b′ = 576.8 km, consistent with the observations by Ortiz
et al. (2017) of a′ = 852 ± 2 km and b′ = 569 ± 13 km.
Ortiz et al. (2017) favored ψ = 0◦, but inspection of
their light curve (their Extended Data Figure 6) shows
that the rotational phase at minimum brightness was at
least 0.04 (14.4◦), and would not be inconsistent with
a value of 0.06 (21.6◦), relative to the phase of 0.00 at
the time of the occultation. Finally we note that the
axis ratio b/a = 0.80 for this case is the same as previ-
ous estimates (b/a ≈ 0.80; Lockwood et al. (2014)), and
yields a light curve with ∆m ≈ 0.23 during the epoch of
the occultation (6). This approximates the actual light
curve amplitude of ∆m = 0.26 observed by Lockwood
et al. (2014).
A much more extensive parameter study must be
undertaken to simultaneously fit all the data. As-
trometry of Haumea’s moons can better constrain the
moons’ orbital poles and, if Hi’iaka’s orbit is aligned
with Haumea’s equator, Haumea’s rotational pole and
ι. More and consistent analyses of the now 15 years
of light curve data, especially considering different re-
flectance functions, can better constrain the rotational
phase ψ during the occultation. Further exploration of
parameter space may yield a shape for Haumea that is
exactly consistent with the light curve data and the oc-
cultation shadow. As shown here, though, Haumea can
be a fluid in hydrostatic equilibrium and can conform to
the occultation shadow.
5.2. Aqueous alteration of Haumea’s core and its
astrobiological potential
A large range of axes a (from 950 to 1075 km) and
b (from 800 to 900 km) are consistent with bodies with
Haumea’s mass and rotation rate, and are fluid configu-
rations in hydrostatic equilibrium. Our favored solution
with a = 1050 km and b = 840 km has a mass frac-
tion of ice of 17.2%, but this value could range from
1% to 22% across the range we explored. Across this
range, however, the allowable core density varies only
slightly, from ρcore = 2560 kg m
−3 to 2740 kg m−3, devi-
ating by only a few percent from our favored density of
ρcore = 2680 kg m
−3. This is very close to the average
density previously inferred for Haumea, but this appears
to be coincidental. A robust result of our analysis is that
Haumea’s core has a density ≈ 2600 kg m−3, overlain by
an ice mantle.
Comparison of the density of Haumea’s core to
other planetary materials provides strong clues to
Haumea’s history. Grain densities of ordinary and
enstatite chondrites are typically > 3600 kg m−3, and
their bulk densities typically ≈ 3300 kg m−3 because
of ∼ 10% porosity (Consolmagno et al. 2008; Wilkison
et al. 2003). Carbonaceous chondrites are marked by
lower grain densities, average 3400 kg m−3 (range from
2400 − 5700 kg m−3 depending on the type of chon-
drite), higher porosities ≈ 15 − 35%, and bulk densi-
ties closer to 2000 kg m−3 (Macke et al. 2011; Consol-
magno et al. 2008). The difference is that carbonaceous
chondrites are largely composed of products of aqueous
alteration. In fact, the more oxidized groups of car-
bonaceous chondrites have higher porosity (Macke et al.
2011). Hydrated silicates typically have densities in this
range. Clays such as montmorillonite, kaolinite, illite,
and mica typically have densities between 2600 kg m−3
and 2940 kg m−3 (Osipov 2012). This strongly suggests
that Haumea’s core is composed of hydrated silicates,
and that Haumea’s core was aqueously altered in its
past.
Serpentinization is the process by which silicates typ-
ical of the dust in the solar nebula react with water on
an asteroid or planet, producing new phyllosilicate min-
erals. A archetypal reaction would be:
1.000 (Mg0.71Fe0.29)2SiO4 + 1.142 H2O→
0.474 Mg3Si2O5(OH)4 + 0.193 Fe3O4
+0.052 SiO2 + 0.194 H2.
In this reaction, 1 kg of olivine with fayalite content
typical of carbonaceous chondrites may react with 0.129
kg of water to produce 0.826 kg of chrysotile, 0.281
kg of magnetite, 0.020 kg of silica, and 0.002 kg of
hydrogen gas, which escapes the system. The total
density of olivine (density 3589 kg m−3) plus ice (den-
sity 921 kg m−3) before the reaction is 2697 kg m−3.
After the reaction, the mixture of chrysotile (den-
sity 2503 kg m−3) plus magnetite (density 5150 kg m−3)
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plus silica (density 2620 kg m−3) has a total density of
2874 kg m−3 (Coleman 1971). Including a 10% poros-
ity typical of carbonaceous chondrites, the density of
the aqueously altered system would be 2612 kg m−3,
remarkably close to the inferred density of Haumea’s
core.
If Haumea’s core underwent significant aqueous alter-
ation, some of this material may have dissolved in the
water and ultimately found its way into the ice mantle
of Haumea. In fits to Haumea’s reflectance spectrum,
Pinilla-Alonso et al. (2009) found the most probable sur-
face composition was an intimate mixture of half crys-
talline and half amorphous water ice, with other com-
ponents comprising < 10% of the surface; but similar
modeling by Trujillo et al. (2007) found that Haumea’s
surface is best fit by a mixture of roughly 81% crys-
talline water ice and 19% kaolinite. Kaolinite was added
to the fit to provide a spectrally neutral but blueish ab-
sorber; few other planetary materials contribute to the
reflectance spectrum in this way. Kaolinite is a common
clay mineral [Al2Si2O5(OH)4] very similar in structure
to chrysotile, produced by weathering of aluminum sili-
cate minerals like feldspars.
A variety of phyllosilicates have been observed by the
Dawn mission on the surface of Ceres (Ammannito et al.
2016), strongly suggesting aqueous alteration of silicates
within a porous, permeable core or a convecting mud-
ball (Bland et al. 2006; Travis 2017). If kaolinite can
be confirmed in Haumea’s mantle, this would provide
strong support for the aqueous alteration of Haumea’s
core.
Preliminary modeling by Desch & Neveu (2015) sug-
gests that aqueous alteration of Haumea’s core is a very
likely outcome. Haumea, or its pre-collision progeni-
tor, could have been differentiated into a rocky olivine
core and icy mantle. Desch & Neveu (2015) show that
many factors can lead to cracking of a rocky core on
small bodies. Microcracking by thermal expansion mis-
match of mineral grains or by thermal expansion of pore
water during heating (as the core heats by radioactive
decay over the first < 1 Gyr), will almost certainly in-
troduce microfractures. These would be widened by
chemical reactions and water pressurization, etc., lead-
ing to macrofractures. Cracks can heal by ductile flow of
rock, but the rate is highly sensitive to temperature; be-
low about 750 K, healing of cracks takes longer than
the age of the Solar System. Therefore it is highly
likely that hydrothermal circulation of water through
a cracked core would ensue. Thermal modeling by De-
sch & Neveu (2015) suggests Haumea’s interior could be
effectively fully convective, allowing water and olivine
to fully react and produce phyllosilicates. Circulation
of water also would help cool the core, preventing tem-
peratures from exceeding 750 K, ensuring that fractures
remain open, and that the hydrated silicates would not
dehydrate. Liquid water is predicted to have existed
for ∼ 108 yr, although further geochemical modeling is
needed to test more proposed scenarios for Haumea’s
structure and evolution.
A long (∼ 108 yr) duration of aqueous alteration sug-
gests a period of habitability within Haumea. To de-
velop and survive, life as we know it requires water
and a long-lasting environment with little temperature
variability (Davis & McKay 1996). With central tem-
peratures approaching 750 K, and surface temperatures
near 40 K, a large fraction of Haumea’s interior would
have had intermediate temperatures consistent with liq-
uid water (Castillo-Rogez & Lunine 2012). The origin
of life is also thought to require a substrate to protect
and localize biochemical reactions. Clays such as mont-
morillonite can act as this substrate because they can
bind substantial water, and are soft and delaminate eas-
ily. Clays can also promote the assembly of RNA from
nucleosides, and can stimulate micelles to form vesicles
(Travis 2017). The interior of Haumea may have at one
point resembled regions beneath the seafloor experienc-
ing hydrothermal circulation. These regions are con-
ducive to life: Czaja et al. (2016) discovered archaea
anaerobically metabolizing H2S in such environments,
and other studies have confirmed that microbes exist
deep in fractures of hot environments (Jannasch & Mottl
1985).
5.3. Implications for the mass of the collisional family
An ongoing mystery is why Haumea’s collisional fam-
ily contains so little ice. The total masses of Hi’iaka
and Namaka, plus 2002 TX300 and the other collisional
family members, amount to about 2.4% of Haumea’s
mass (Vilenius et al. 2018). This is much smaller than
the amount of ice that has been presumed to have been
ejected. As described in §2, if Haumea really were a
Jacobi ellipsoid with uniform density ≈ 2600 kg m−3, it
would have to have a very thin ice layer comprising per-
haps only ≈ 4% of Haumea’s mass. This is much lower
than the mass fraction of ice in typical KBOs. If the
KBO has bulk density ρ0, the mass fraction of ice would
be fice = (ρice)/(ρ0) × (ρrock − ρ0)/(ρrock − ρice). A
typical KBO may form from a mixture of pure olivine
with 10% porosity and density ρrock = 3300 kg m
−3, and
non-porous ice with density ρice = 921 kg m
−3. The
ρ0 in such a KBO could range from 1500 kg m
−3 to
2500 kg m−3 which equates to fice ranging from 46% to
12%. If Haumea was comparable to these end member
cases, it would need to lose 91% and 67% of its ice re-
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spectively to end up with a post-collisional ice fraction
of 4%. It is difficult to explain why Haumea would lose
91% of its ice instead of 100%. Also, neither of these sce-
narios match with the 2.4% of ice thought to be ejected,
which is also difficult to reconcile.
This discrepancy is ameliorated by our results. Our
modeling of Haumea’s structure shows that it may re-
tained a significant fraction of ice. Across the parameter
space we explored, Haumea’s present-day bulk density
varies from 1900 kg m−3 to 2500 kg m−3 (core density
2550 kg m−3 to 2750 kg m−3), which corresponds to fice
ranging from 1% to 22%. The lower end of this range
is unlikely from the standpoint of the occultation data.
We favor that today, Haumea has a high ice fraction:
fice=17% is our favored case.
In addition to this argument, our model suggests that
Haumea underwent serpentinization, meaning the core
experienced pervasive aqueous alteration. This pro-
cess would reduce the fraction of ice below that which
Haumea started. As an example, if Haumea initially
had a density ρ0 = 2500 kg m
−3, like that of Eris (Brown
& Schaller 2007), and original ρrock = 3300 kg m
−3, it
started with fice=34%. Serpentinization would have
then consumed ice into the rocky core to lower the
core density to ρrock = 2612 kg m
−3, which would alter
Haumea’s ice fraction to 23%. So, if the collision ejected
2.4% of the ice, Haumea’s ice fraction today would be
fice ∼ 20%. This estimate is within the range of ice
fractions we predict from our parameter study.
In conclusion, our modeling suggests both that
Haumea may today retain a significant fraction of its
original ice, and that some of the ice may have been
lost to serpentinization of the core. Both of these fac-
tors imply that less ice needs to have been ejected for
Haumea to have its present-day, observed ice fraction,
possibly explaining the low total mass of the collisional
family.
6. CONCLUSIONS
This paper presents numerical modeling designed to
test three questions about the KBO Haumea: 1) Is
Haumea a Jacobi ellipsoid? If it is differentiated, what
is Haumea’s shape? 2) Is Haumea a fluid in hydrostatic
equilibrium? 3) Can Haumea’s occultation and light
curve data be reconciled? We aimed to address these
questions with the goal of understanding the composi-
tion and structure of Haumea to learn about its colli-
sional history and evolution.
We have written a code kyushu based on the algo-
rithms of Hachisu (H86a,b) to calculate the internal
structure of a rapidly rotating differentiated body based
on input parameters such as the semi-axes a and b. Al-
though we did not explore all parameter space, Haumea
appears to be best approximated as a differentiated tri-
axial ellipsoid body in hydrostatic equilibrium with axes
a = 1050 km, b = 840 km, and c = 537 km. This shape
fits the Ortiz et al. (2017) occultation shadow and is
close to light curve data. As this shape, Haumea has
core axes ac = 883 km, bc = 723 km, cc = 470 km,
ρavg = 2018 kg m
−3, ρcore = 2680 kg m−3 which equates
to an ice mantle comprising ∼ 17% of Haumea’s mass
and ranging from 71 to 170 km in thickness. Haumea’s
albedo is pv ∼ 0.66 in this case.
In contrast to previous studies (Lockwood et al.
2014; Rabinowitz et al. 2006), our results suggest that
Haumea’s ice crust amounts to a significant portion of
the body. Due to the thickness of the ice, Haumea’s
core has a relatively high density indicating the com-
position of the core is a hydrated silicate (the closest
match is kaolinite). For the core to be hydrated, a long
period (∼ 108 yr) of serpentinization must have occured
during which regions of the core were potentially hab-
itable. The thick ice crust also suggests that Haumea’s
collisional family (icy objects a few percent the mass
of Haumea) was produced from only a small portion of
the ice Haumea started with, before Haumea suffered
the collision. Insights into this type of mantle stripping
collision could be applicable to modeling metal-rich,
fast-rotating triaxial ellipsoid 16 Psyche, the focus of
the upcoming NASA Psyche mission (Elkins-Tanton
et al. 2016).
As this study continues, we would like to expand
parameter space to obtain more precise results. We
can explore how Haumea would change shape or com-
position if we use different ice densities, porosity, an-
gles/orientations to better match the shadow in addi-
tion to matching the light curve amplitude/phase more
precisely and using an appropriate equation of state
to include the compressibility of materials. Haumea
is a unique and interesting body worthy of study for
its own sake, but understanding Haumea can provide
insights into fundamental processes such as subsurface
oceans/aqueous alteration on small bodies and dynam-
ics of mantle-stripping collisions, acting across the Solar
System.
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APPENDIX
Here we derive the formulas needed to calculate the axes of Haumea’s shadow as it occults a star. We assume
Haumea’s surface is a triaxial ellipsoid with long axis along the x direction, with axes a > b > c, defined by those
points that satisfy
f(x, y, z) =
x2
a2
+
y2
b2
+
z2
c2
= 1.
We assume the star lies in a direction
eˆLOS = cosψ sinφ eˆx + sinψ sinφ eˆy + cosφ eˆz
Here φ is the angle between the line of sight (from us through Haumea to the star) and Haumea’s pole (along the z
axis). We can define two unit vectors in the plane of the sky:
eˆ1 = − sinψ eˆx + cosψ eˆy,
and
eˆ2 = eˆ1 × eˆLOS = + cosψ cosφ eˆx + sinψ cosφ eˆy − sinφ eˆz.
Haumea’s limb is the locus of those points, defined by r, such that the line of sight is tangent to the surface, or
perpendicular to the normal, so that
∇f · eˆLOS = 0.
All of these points satisfy
z = −c2 tanφ
(
x cosψ
a2
+
y sinψ
b2
)
,
which define a plane inclined to the sky. The intersection of the plane with the ellipsoid defines an ellipse, and the
projection of this ellipse onto the plane of the sky—Haumea’s shadow—also is an ellipse.
We project the points on Haumea’s limb onto the plane of the sky by recasting r in the coordinate system using eˆ1,
eˆ2, and eˆLOS:
r = (r · eˆ1) eˆ1 + (r · eˆ2) eˆ2 + (r · eˆLOS) eˆLOS = s eˆ1 + t eˆ2 + u eˆLOS,
with
s = r · eˆ1 = −x sinψ + y cosψ
and
t = r · eˆ2 = x cosψ cosφ+ y sinψ cospi − z sinφ.
All the points on the limb have z related to x and y as above, so the boundary of the shadow, which equals the
projection of the limb onto the plane of the sky, is defined by
s = −x sinψ + y cosψ
and
t
cosφ
= x cosψ
(
1 +
c2
a2
tan2 φ
)
+ y sinψ
(
1 +
c2
b2
tan2 φ
)
.
Inverting, we find x, y and z in terms of s and t for points along the limb:
x =
1
∆
[
− sinψ
(
1 +
c2
b2
tan2 φ
)
s+ cosψ
t
cosφ
]
,
y =
1
∆
[
+ cosψ
(
1 +
c2
a2
tan2 φ
)
s+ sinψ
t
cosφ
]
,
and
z = − tanφ
∆
[
sinψ cosψ
(
c2
b2
− c
2
a2
)
+
(
c2
a2
cos2 ψ +
c2
b2
sin2 ψ
) (
t
cosφ
)]
,
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where
∆ = 1 + c2 tan2 φ
(
cos2 ψ
a2
+
sin2 ψ
b2
)
.
Subsituting these expressions for x, y and z into the equation for the ellipsoidal surface, we find the projection of
Haumea’s limb onto the plane of the sky satisfies
Ps2 +Qst+Rt2 = 1,
where
P =
1
∆2 a2
sin2 ψ
(
1 +
c2
b2
tan2 φ
)2
+
1
∆2 b2
cos2 ψ
(
1 +
c2
a2
tan2 φ
)2
+
tan2 φ
∆2 c2
sin2 ψ cos2 ψ
(
c2
b2
− c
2
a2
)2
,
R =
1
∆2 cos2 φ
(
cos2 ψ
a2
+
sin2 ψ
b2
)
+
c2 tan2 φ
∆2 cos2 φ
(
cos2 ψ
a2
+
sin2 ψ
b2
)2
,
and
Q =
2 sinψ cosψ
∆2 c2 cosφ
(
c2
b2
− c
2
a2
) [
1 + c2 tan2 φ
(
cos2 ψ
a2
+
sin2 ψ
b2
)]
.
These also define an ellipse, rotated in the s-t plane.
After rotating the ellipse in the plane of the sky by an angle θ, defined by
tan 2θ = Q/(R− P ),
we find it has axes a′ and b′ defined by
1
(a′)2
=
[
P cos2 θ +R sin2 θ −Q sin θ cos θ]
and
1
(b′)2
=
[
P sin2 θ +R cos2 θ +Q sin θ cos θ
]
.
We have written a simple code that takes a, b, and c, and ψ and φ as inputs, and solves for θ and then the semi-axes
a′ and b′ of Haumea’s shadow.
One end-member case includes φ = 0◦, in which Haumea’s pole is pointed toward the star; we derive θ = −ψ and
regardless of ψ, Haumea’s shadow has axes a′ = b and b′ = a. Another end-member case is φ = 90◦, in which case the
line of sight to the star is parallel to Haumea’s equator. The shadow will have b′ = c regardless of ψ, and the other
axis will be
a′ = ab
[
cos2 ψ
a2
+
sin2 ψ
b2
]1/2
,
in which case a′ = b if ψ = 0◦ (looking along the long a axis), or a′ = a if ψ = 90◦ (looking along the b axis). One
more end-member case is ψ = 0◦ but arbitrary φ, in which case a′ = b and
b′ = a cosφ
[
1 +
c2
a2
tan2 φ
]+1/2
.
This is the case considered by Ortiz et al. (2017). Assuming a = 1161 km, b = 852 km, c = 513 km, ψ = 0◦ and
φ = 76.3◦ (a tilt of Haumea’s pole with respect to the plane of the sky of 13.7◦), we find a′ = 852 km and b′ = 584
km, similar to the solution found by Ortiz et al. (2017).
